INTRODUCTION
Solar energy has attracted extensive public attention because of its inexhaustibility, non-pollution, no need to transport, and no influence to natural balance. Utilizing solar energy efficiently is a key to energy crisis and environmental pollution. At present, the ways of using solar energy can be divided into three categories: photoelectric conversion [1-3], photochemical conversion [4-6] and photo-thermal conversion (PTC). Solar vapor generation can directly transfer solar energy to heat. It has attracted tremendous attention due to great application potential in energy conversion [7] , seawater desalination [8, 9] , sewage treatment [10] , liquid-liquid separation [11, 12] and sterilization and hygiene systems [13] . In order to enhance solar evaporation conversion efficiency, it is necessary to combine high-efficiency PTC materials with a substrate for heat insulation and liquid supply. PTC materials for heating and evaporating water include plasmonic metals [14] [15] [16] [17] [18] and ceramic nanomaterials [19] , carbon-based materials [20] [21] [22] [23] [24] [25] and semiconducting nanomaterials [26, 27] . For instances, Chen et al. [28] reported a dualfunctional asymmetric plasmonic structure formed by silver nanoparticles and porous templates. Wang et al. [29] dispersed Au nanoparticles (NPs) on the mixed cellulose ester (MCE) filter membrane for water evaporation. Xu et al. [30] decoupled solar absorption and water pumping function into different layers, an upper carbon black nanoparticles coating poly(methylmethacrylate) layer and a lower hydrophilic polyacrylonitrile layer, to achieve a stable and efficient desalination. Reduced graphene oxide (GO) sheets were also dispersed on MCE by Wang and his coworkers [31] to obtain efficient evaporation efficiency. Li et al. [32] combined a 3D cone absorber of GO with a one dimensional (1D) water path to enhance the evaporation area and rate. Hu et al. [33] and Ren et al. [34] respectively used GO-based aerogels and hierarchical graphene foam for efficient solar steam generation. Recently, we reported the hierarchical TiN nanotube mesh on glass-fiber cotton for solar water evaporation with 85.36% efficiency under 2.5 kW m −2 simulated solar irradiation [19] . Until now, the highest efficiency under 1 Sun is 94% using a hierarchically nanostructured gel based on polyvinyl alcohol (PVA) and polypyrrole (PPy) [35] .
Wood is also adopted as PTC material for solar-thermal water evaporation because of its various advantages such as low cost, nontoxicity, superior stability in water, natural hydrophilicity, numerous aligned micro-channels for fast water transportation, low thermal conductivity along the channel direction and excellent buoyancy property [36] [37] [38] [39] [40] . Liu et al. [41] [40] reported that the flame-treated wood has a solar-thermal efficiency of 72% under 1-Sun irradiation. Chen et al. [42] prepared carbon nanotube-modified flexible wood membrane and obtained a high efficiency of 81% under 1-Sun. Zhu et al. [43] prepared a novel type of plasmonic wood exhibiting a high solar-thermal conversion efficiency of 85% under 10-Sun illumination. Xu et al. [44] carbonized natural mushrooms and achieved 78% conversion efficiency under 1-Sun. Li and coworkers [45] designed an elegant structure formed by cotton cores and plant cellulose coated with carbon black NPs, which can exploit environmental energy to enhance the performance of an interfacial solar vapor generation.
Since TiN is a plasmonic material with a wider and stronger absorption spectrum, lower toxicity and better stability compared to the traditional PTC materials [46, 47] , we deposited TiN NPs on a piece of carbonized wood as a new type of double layer material for solar water evaporation. The hybrid material possesses good stability, low cost and low toxicity with a solar-vapor conversion efficiency of 92.5% under only 1-Sun simulated solar irradiation, the highest efficiency among the reported wood-based PTC materials.
EXPERIMENTAL SECTION
Bio-carbon foam (BCF) was fabricated by a simple carbonization of the beech wood. Beech logs were cut into small round chips with a diameter of 40 mm and a thickness of 10 mm. The cutting direction was perpendicular to the growth direction. These wood chips were then polished with 320 meshes of sandpaper to obtain clean and smooth surfaces. Afterwards, they were carbonized in a muffle furnace at 320°C for 70 min under a hypoxic condition.
A simple syringe coating method was adopted to deposit TiN NPs on BCF surface. 10 mg TiN nanopowder with a mean diameter of 20 nm was dispersed into 10 mL ethanol by magnetic stirring for 30 min at room temperature. After ultrasonic dispersion for another 30 min, different volumes of dispersions of 0.5, 1.0, 1.5, 2.0 and 4.0 ml were coated on BCF surface, respectively. During the coating process, the sample surface was continuously dried by a hair dryer to accelerate the evaporation of ethanol. Fig. 1a gives a setup diagram for the measurement of solar water evaporation performance. A nested cubic container was stored on an electric balance to measure the weight of evaporated water. For each run, distilled water was filled into the container where the sample floated on the water surface. A 500W Xenon lamp was used to simulate the solar irradiation on the sample, 1 Sun irradiation intensity was obtained by adjusting the distance between the lamp and the sample. The intensity can be measured by QTS-4 all-weather optical radiation recorder (Jinzhou Sunshine Technology Company, China). In certain time interval, the weight of water in the container was recorded automatically. At the same time, K-type thermocouple was used to measure the temperatures of surface and bulk water. Fig. 1b and c give the solar water evaporation process and heat transfer diagram. The heat loss involves the radiative and convective heat losses to the ambience and the conductive heat loss to the bulk water. The calculated total heat loss accounts for 11% of all irradiation energy as shown in Supporting information, namely, 89% solar irradiation energy is used to evaporate water, which is a little lower than the experimental value of 92.5% because of the uncertainty of some parameters such as ε, h and C and the measurement error of the evaporation rates r. The phase compositions of these samples were measured by a Rigaku D/Max 2400 X-ray diffractometer (XRD) equipped with graphite monochromatized Cu Kα radiation (λ=0.15406 nm). Microstructures of these samples were characterized by a field emission scanning electron microscopy (FESEM, Quanta 200 FEG) with energy disperse spectroscopy (EDS). UV-vis-NIR absorption spectra of these samples were recorded on UV-4100 UV-Vis-NIR diffuse reflectance spectroscopy (HI-TACHI, Japan) with an integrating sphere attachment.
RESULTS AND DISCUSSION
Bio-carbon foam (BCF) was fabricated by a simple carbonization of the beech wood. After carbonization, BCF becomes black as shown in Fig. 2b and has a weight loss of~60% and an area decrease of~40% due to the evaporation of the combined water and the thermal decomposition of lignin, cellulose and hemicellulose. The apparent porosity and the water absorption of the asprepared BCF are 80% and 1.39, respectively, much higher than the corresponding values of 38% and 0.51 of the pristine wood, indicating significant enhancements in water supply properties for the BCF. The XRD pattern of the BCF in Fig. 2a indicates that it is composed of amorphous carbon. Fig. 2c shows SEM image of the BCF which exhibits a hierarchically microporous structure with a large number of aligned vertical channels. These channels with diameters from 5 to 50 μm can transport water upwards from the bottom of the device effectively due to the capillary effect.
TiN NPs were deposited on the BCF by a simple syringe coating method. The as-prepared samples with different TiN amounts of 0.5, 1.0, 1.5, 2.0 and 4.0 mg were marked as TBCF-0.5, TBCF-1.0, TBCF-1.5, TBCF-2.0 and TBCF-4.0 respectively. Their XRD patterns in Fig. 2a indicate obvious TiN diffraction peaks (JCPDS 87-0633), and the peak intensity become stronger with increasing dosage of TiN NPs. Fig. 3 shows SEM images and the corresponding EDS spectrum of TBCF series. Fig. 3a indicates that TiN NPs sporadically distributed on the rough surface of the BCF when TiN deposition amount is 0.5 mg. The coverage of TiN NPs on the BCF increases with increasing TiN deposition amount as shown in Fig. 3b-e. Fig. 3d indicates that TiN NPs almost completely cover the surface of the BCF when TiN deposition amount is 2 mg. Further increasing TiN deposition amount up to 4 mg leads to a dense covering with a thickness of about 5 μm as shown in Fig. 3h . The cross-section image and the corresponding EDS spectrum of TBCF-2.0 in Fig. 3f and g indicate that a few TiN NPs also infiltrate into the inner channels of the BCF.
In order to quantify the absorption performance of TBCF series with different TiN content, their diffusive reflection spectra were measured over a wavelength range of 200-2,000 nm. It is clearly in Fig. 4a that the BCF has a stronger optical absorption than the pristine wood in the wavelength range of 400-2,000 nm. The BCF possesses the unique electronic structure of carbon that makes it able to absorb the sunlight and convert it into heat efficiently and its rough porous surface that extends the light-matter interaction length, increases the light collection and reduces the light reflection. When TiN NPs are deposited on the BCF, the hybrid material exhibits an increasing optical absorption in 400-2,000 nm, and the absorption increases with increasing TiN deposition amount. Fig. 4b indicates that the weighted mean solar absorption of the BCF and TBCF-1.5 are 92% and 96% calculated by Equation (1) [27] , respectively, which means that the hybrid material has a higher absorbance than the BCF over the entire solar spectrum.
where A is the solar absorption, R is the reflectance of the sample, S is solar spectral irradiance (W m -2 nm -1 ), λ is the wavelength (nm). Here, the (1-R)S represents the absorption of solar spectral irradiance.
To demonstrate the solar-thermal property of TBCF series, we investigated their water evaporation performance and the reusability as shown in Fig. 5 . For the experiment of the reusability, the irradiance time is 3 h for each cycle, and after each cycle, the samples were taken out and completely dried. As a reference, the water evaporation experiments with and without TBCF were also carried out. Note that the BCF can float on water and get saturated with water automatically due to its low density and good hydrophilicity. Once 1 kW m −2 simulated sun light irradiated on these samples, vapor generated immediately with the mass changed with time as shown in Fig. 5a and c. The solar-vapor conversion efficiency (η) can be calculated by Equation (2) [19] .
e s where Q s is the incident light power (1 kW m −2 ) and Q e is the water evaporation power, which can be estimated by
where H v is the evaporation heat of water (~2,260 kJ kg −1 ), m is the evaporated water mass, t is time, and r is the evaporation rate of water obtained by linearly fitting these data between 120-150 min because r rises with irradiance time and becomes relatively stable after 120 min during the evaporation experiment. Clearly, compared with the control case without any sample, the water evaporation rate is significantly enhanced in the presence of the BCF. The BCF has a water evaporation rate of 1.26 kg m −2 h −1 , about 2.7 times higher than that of pure water (0.46 kg m −2 h −1
) as shown in Fig. 5b , indicating that the BCF is an efficient PTC material generating solar vapor due to its excellent solar absorption ability. Among TBCF series, TBCF-1.5 shows the highest water evaporation rate (1.47 kg m −2 h −1
) and solar-vapor conversion efficiency (92.5%) in a controlled period of time. The evaporation rate of water and the solar-vapor conversion efficiency increases with TiN deposition amount when TiN deposition amount is lower than 1.5 mg. However, when TiN deposition amount is over 1.5 mg, 2.0 and 4.0 mg, the evaporation rate of water and the solar-vapor conversion efficiency decreases though they have higher solar absorption, because the solar vapor generation behavior is influenced not only by solar absorption but also by TiN film structure. TiN film becomes dense with increasing TiN deposition amount, which not only impedes the transport of water to top surface, but also reduces the contact area of the water molecules with TiN NPs. Fig. 5c and d indicates that the evaporation rate and the solar-vapor conversion efficiency of TBCF-1.5 decreases very slightly after 5 cycles, demonstrating its good reusability. Fig. 6 shows the dependence of the solar evaporation performance of the hybrid materials on the substrate. Fig. 6a shows that when 1.5 mg TiN NPs are deposited on 10 mm glass-fiber cotton and 10 mm pristine wood, they exhibit solar-vapor conversion efficiencies of 54.2% and 64.1%, respectively, much lower than 92.5% of TBCF-1.5. Especially, The BCF has a solar-vapor conversion efficiency of 73.5% as shown in Fig. 5b . These results indicate that the BCF is an outstanding and promising substrate because of numerous aligned microchannels for fast water transport, low thermal conductivity along the channel direction and excellent solar-thermal performance. When 1.5 mg TiN NPs are deposited on different thicknesses of BCF substrates, respectively, these samples exhibit different evaporation rates of water and conversion efficiencies (η) as shown in Fig. 6b . The samples with substrate thicknesses of 4, 7 and 10 mm have conversion efficiencies of 69.3%, 84.6% and 92.5% respectively, indicating that the conversion efficiency increases with the thickness of the substrate due to the enhanced heat-insulation performance, which is further confirmed by the temperature-time curves as shown in Fig. 6c -e. The surface water temperature rises rapidly once the simulated solar light irradiates the sample for the first 8-15 min, and then the temperature rises slowly for next 60 min up to a stable temperature. However, the bulk water temperature rises slowly up to a stable temperature when the simulated solar light irradiates the sample. The steady state temperature differences between surface water and bulk water for 4, 7 and 10 mm substrates are 1.3, 2.6 and 6.4°C, respectively, indicating that the more thickness the substrate is, the higher heat-insulation performance it exhibits.
CONCLUSIONS
In summary, TiN NPs are successfully deposited on BCF, which exhibits an excellent solar-steam-generation performance. The rate of water evaporation and the solarvapor conversion efficiency are related to the amount of TiN NPs and the thickness of the BCF substrate. A solarvapor conversion efficiency of 92.5% is obtained under 1-Sun simulated solar irradiation, the highest efficiency among the reported wood-based materials. Because of its easy preparation, low cost, non-toxicity, good reusability and high efficiency, the device will be a promising solar conversion material in desalination, sewage treatment and many other applications.
